Abstract-Current passive optical networks (PONs) use on-off keying (OOK) modulation throughout the entire network regardless of actual path losses. Statistics of commercial gigabit passive optical network (GPON) deployments show significant path loss differences among the optical network units (ONUs). Flexible 4-and 8-level pulse amplitude modulation (4/8-PAM) allocation for the better-situated ONUs can significantly increase the PON's aggregated data rate. By keeping to intensity modulation direct detection (IM-DD) modulation and a constant symbol rate, the introduction of adaptive, multilevel PAM does not require expensive optics investments; additionally, 8-PAM is made feasible with zero-overhead data-aided equalization. Two scenarios for distributing the extra capacity are explored: first, controlling the dynamic bandwidth allocation of the time division multiplexed PON (TDM-PON) to provide equal time-length slots to both 4/8-PAM ONUs and OOK ONUs, thereby providing maximum aggregated capacity increase; and second, setting up the dynamic bandwidth allocation to provide equal capacity slots to the various ONUs so the entire ONU population in the same PON can benefit from the extra capacity. Both scenarios result in a larger aggregated capacity of the PON and provide additional options for the network operator during the network design phase.
I. INTRODUCTION
C urrent passive optical networks (PONs) use a single static modulation format throughout the network. The most common standardized PONs deploy a time division multiplexed (TDM) architecture with aggregated data rates up to 10 Gbps with on-off keying (OOK) modulation. At the same time, the industry sees the need for more flexibility in the network [1] . The operating conditions within a PON are not uniform. In parts of the network, where conditions are better (e.g., lower losses), a more comprehensive modulation format may be used, yielding a higher data throughput while keeping the symbol rate uniform across the whole PON.
Therefore, we propose a flexible modulation scheme, where in parts of the PON, OOK modulation is used, but in the better parts, a more comprehensive pulse amplitude modulation (PAM) is used, in particular, 4-and 8-level PAM. This enables the network operator access to various benefits, such as doubling or tripling the data rate for the better-positioned PAM-capable optical network units (ONUs), while maintaining the data rate for those ONUs that only support OOK. Thus, this provides the ability to deliver premium services to select (business) users requiring a higher data rate than the rest of the network. Alternatively, another benefit is keeping the same data rate for PAM-capable ONUs but using shorter time slots, thereby allowing longer time slots for the OOK ONUs and thus reducing the congestion probability.
Link adaptation has seen widespread use in wireless communication and is specified in various standards. Due to the dynamically varying conditions of the channel, adapting the modulation and coding to this channel state provides increased capacity in the wireless network [2, 3] . In meshed optical metro and long-haul networks, the use of software-defined transceivers and link adaption can provide significant gain in the network capacity compared to the use of a single modulation format and code rate [4, 5] . Work on adaptive modulation in PONs has been done to improve the energy efficiency of intensity modulation direct detection (IM-DD) orthogonal frequency division multiplexing (OFDM) PONs for a constant data rate [6] . In [7] , adaptive modulation in PONs based on coherent transceivers using polarization-multiplexed QAM signals is examined.
In the continuing search for higher data rates, the PON standardization bodies FSAN/ITU-T opted for the stacked use of multiple wavelengths, in addition to time division multiplexing (TWDM), while keeping the line rate per wavelength equal at 10 Gbps [8] . At first, 4 wavelengths will be used, raising the aggregated data rate to 40 Gbps. To further increase the capacity, FSAN/ITU-T might opt for increasing the line rate of current XG(S)-PON and NG-PON2 systems to 25 Gbps [9] . The recently started IEEE 100G-EPON Task Force envisions increasing the line rate to 25 Gbps while at the same time using multiple wavelengths to achieve a maximum data rate of 25, 50, or 100 Gbps, albeit on a fixed wavelength scheme, i.e., without the use of any tunable optical components [10] . Among the promising options to increase the data rate from 10 to 25 Gbps in a cost-effective manner is the use of more comprehensive modulation formats, as these allow current 10 Gbps optics to be reused. In particular, duobinary modulation and 4-level PAM have received significant attention [11] [12] [13] [14] .
In this work, we focus on adaptive modulation to increase the aggregated data rate in IM-DD PONs with the use of standard hard-decision forward error correction (HD-FEC) [15] . Statistics from a commercially deployed PON are used to examine the impact of the adaptive modulation on its overall performance w.r.t. the aggregated capacity.
The selection of the modulation format for a particular ONU is envisioned to be adaptively and automatically made by the network management; hence, changes should be made in the management layer. The decision on modulation format can be based on the received optical power, as already reported by the ONU and optical line terminal (OLT). Optionally, the quality of this decision can be enhanced by the estimated bit error rate (BER) as provided by the FEC in the receiver. Adaptive selection of the modulation format over time is desired to counteract any changes in the network, e.g., any component aging.
Previously, we have examined the potential of flexible allocation of 4-PAM in PONs [16] . In this paper, we extend this work by introducing downstream 8-PAM, time interleaved with 2-and 4-PAM, which is made possible by zero-overhead data-aided equalization [17] . We demonstrate for currently deployed networks an 83% increase in the aggregated data rate with 4-PAM without equalization, and a 108% increase with 8-PAM, although with the use of equalization. Here, we focus on downstream transmission only. Upstream, burst mode transmission has been addressed in [18] .
Furthermore, we will explore the interaction between flexible modulation and the distribution of time slots inside a single PON. A distinctive feature of PONs is that multiple ONUs are connected to the same OLT port. Due to the dynamic bandwidth allocation (DBA) protocol in power splitter-based TDM-PONs, the OLT has control over the length of a time slot that is assigned to a certain ONU. Allocating longer time slots to those ONUs that only support OOK will increase the equal distribution of available capacity among the different users, thus increasing fairness.
II. NETWORK STATISTICS
The standardization of the different PONs allows for 15 dB of differential optical path loss within each class of optics [19] [20] [21] . This does not make any statement on the actual differential received optical powers encountered in the field. Figure 1 shows statistics from a dataset of approximately 20,000 ONUs from the gigabit passive optical network (GPON) deployments of INEA, Poland. Only a small portion of the ONUs is close to the prevalent received power sensitivity limit of −27 dBm (class B+ optics) for this network: only 1.6% of the ONUs is within 1 dB of this limit. More than 83% of the ONUs in the network have a received optical power surplus of at least 5 dB. In this paper, the induced downstream power penalty of 4/8-PAM compared to OOK is experimentally verified for a PON with a normal speed of 10 Gbps, being a standard line rate in PONs. The optical losses are equivalent to those in a GPON network, keeping the above network statistics valid.
III. PULSE AMPLITUDE MODULATION
Multilevel PAM is deemed an economically attractive method to increase the data throughput in a PON, while keeping the symbol rate the same, without significantly increasing the cost price of the ONU and OLT. The optics, i.e., BOSA (bi-directional optical subassembly), account for more than one-third of a single-family-unit ONU's costprice, and utilizing it to its full extent brings significant benefits. On the other hand, using PAM will likely not add significant cost to the PON ASIC (application-specific integrated circuit). Compared to OOK modulation, multilevel PAM formats require transceivers with better linearity. The electronic components should be non-clipping, i.e., without limiting amplifiers. Given the current interest in 4-PAM and adoption in standards, more cost-effective solutions are foreseen to arise here [22, 23] . Using PAM does introduce optical power penalties; therefore, the use of 16-PAM and higher formats is not deemed feasible for an economically attractive PON, given the maximally allowed 15 dB of differential received optical power.
According to theory, the power penalty, expressed in dB, of M-PAM relative to OOK at the same symbol rate due to the vertical eye closure is P p 10 log 10 M − 1. This formula is only valid under the assumption of additive white Gaussian noise and does not take into account additional penalties, e.g., noise on the electrical driving signal, relative intensity noise (RIN), timing jitter, and chromatic dispersion [24] . For 4/8/16-PAM, the theoretical penalty is 4.8, 8.5, and 11.8 dB, respectively. Multilevel PAM is more sensitive to intersymbol interference (ISI) than OOK, due to the smaller eye opening. This penalty becomes more pronounced at higher orders of PAM. As it is common to have a bandwidth slightly lower than the symbol rate, this hinders higher levels of PAM. For example, at a symbol rate to bandwidth ratio of 1.5, OOK, 4-PAM, and 8-PAM have an ISI penalty of 0.6, 1.2, and 2.9 dB, respectively, due to vertical eye closure [25] .
The combined use of multilevel PAM and OOK keeps the symbol rate, and thus the clock frequency of the signal, constant for each modulation format. Furthermore, as each format is transmitted by the same transmitter, no frequency or phase jumps are to be expected between the various modulation formats. Therefore, clock recovery is possible at the same frequency. This is in contrast to a multi-rate system. Depending on the particular implementation of the clock recovery, the recovery might be more complex due to the difficulty in detecting the distinct signal levels.
IV. DATA-AIDED EQUALIZATION WITH ZERO OVERHEAD
The increased penalty due to ISI in a higher-order PAM system can be largely mitigated by the use of an adaptive equalizer in the receiver. The weights of adaptive equalizers can be updated by either a data-aided or a blind algorithm [26] . Data-aided algorithms require a known training sequence to be added to the data, thereby introducing overhead. Blind equalization does not require prior knowledge of a training sequence at the receiver side; however, it is not guaranteed to converge to a correct solution.
Taking advantage of the structure of a flexible PON where multiple modulation formats coexist, we propose to replace the training sequence in a data-aided equalizer with already available decoded data of lower-order modulation formats. In a power splitter-based PON, all the ONUs receive all the downstream traffic. Given the relative received optical power sensitivities of 2/4/8-PAM, an ONU that is capable of receiving 8-PAM after equalization will receive OOK and 4-PAM virtually error free before equalization. Therefore, the decoded stream of OOK and 4-PAM packets can function as a training sequence for the equalizer, allowing for correct convergence without additional training overhead. Depending on the specific loss distribution in the PON, not all modulation formats might be actively used. However, OOK is always used in the header of the different packets, thereby guaranteeing the availability of OOK signals to train the equalizer.
V. EXPERIMENTAL SETUP
Experiments have been done in the downstream direction. The experimental setup is depicted in Fig. 2 . A 7.5 GHz, 10 GSa/s arbitrary waveform generator (AWG) is used to generate the driving signals consisting of a pseudorandom binary sequence of length 2 15 (PRBS15). For the case of 4/8-PAM, two/three PRBS streams are decorrelated and combined together to generate a 4/8 level output. The constructed signals drive a Mach-Zehnder modulator (MZM). This MZM is used to intensity modulate light from a 1550 nm continuous wave (CW) distributed feedback (DFB) laser. The modulated signal is optionally sent through 20 km of a standard singlemode fiber to be received by a 10 GHz PIN photodiode with an integrated transimpedance amplifier, after which the signal is captured by a real-time oscilloscope and stored for further offline processing. Downstream BER measurements have been conducted separately for OOK, 4-PAM, and 8-PAM transmission. Additionally, to examine any penalty of TDM transmission, OOK, 4-PAM, and 8-PAM packets are interleaved and transmitted with a period of 128 symbols. For time-interleaved transmission with equalization, the zero-overhead equalizer is used. For transmission of a single modulation format with equalization, a traditional training sequence-based equalizer is used. In both cases, the equalizer used is a least mean squares feed-forward equalizer (LMS-FFE). VI. RESULTS Figure 3 depicts the BER measurements for backto-back (B2B) and a 20 km fiber, both in a time-interleaved transmission and with a single modulation format. For 4-PAM transmission without equalization over the 20 km fiber, the difference in received optical power for the BER 10 −3 FEC limit between a single modulation format and time-interleaved transmission of multiple modulation formats is <0.1 dB. For 8-PAM, the same comparison leads to a difference of <0.2 dB. Time-interleaved transmission of 4-PAM without equalization over 20 km of fiber compared to back-to-back transmission shows a difference of <0.1 dB, and 8-PAM with equalization over 20 km compared to B2B shows a difference of 0.1 dB for the same comparison. Therefore, the influence of time interleaving and propagation through the 20 km fiber is found to be negligible in these measurements. At a 10 −3 BER, the measured optical power penalties of 4-PAM and 8-PAM without equalization relative to OOK are 5.1 and 11.4 dB, respectively. With zero-overhead data-aided equalization, the penalties become 4.7 and 9.0 dB for 4-PAM and 8-PAM, respectively.
In the cases where in the above-mentioned measurements, an equalizer is used, this consists of an LMS-FFE with 15 symbol spaced taps. Figure 4 shows how the number of symbol-spaced taps of the zero-overhead data-aided equalizer influences the difference in the required received optical power for a BER of 10 −3 for 4-PAM and 8-PAM relative to the B2B transmission of OOK. Although the required received optical power keeps decreasing, even beyond the 30 investigated taps, the gain is marginal after the first few taps. The additional penalty for using only a 3-tap FFE compared to the chosen 15-tap FFE is less than 0.1 dB for 4-PAM and 0.5 dB for 8-PAM.
VII. NETWORK CAPACITY
In this section, we explore the attainable increases in capacity due to the introduction of flexible 4-and 8-PAM in the network, as discussed in Section II, and subsequently, the distribution of this capacity among the users. The percentage of attainable capacity increase can be derived from Fig. 5 . This figure shows the range of ONU received powers per OLT port. The median and secondmost to second-least optical received power range for ONUs at a certain OLT port are shown, thereby filtering out singular outliers. Additionally, the number of ONUs at a certain OLT port is shown. The median of the received optical powers by the ONUs is above the 4-PAM sensitivity limit without equalization (further denoted as w/o EQ) for more than 91% of the OLT ports. For 8-PAM with equalization (w/ EQ), this is the case for 25% of the OLT ports. Furthermore, for 98% of the OLT ports, at least one ONU supports 4-PAM, allowing for some, albeit small, capacity increases. The sensitivity for 4-PAM as depicted in Fig. 5 is the GPON OOK sensitivity of −27 dBm plus the measured penalty of 4-PAM without equalization of 5.1 dB. For 8-PAM this is the GPON OOK sensitivity plus the measured 8-PAM penalty with equalization of 9.0 dB. We use the relative optical power penalty of 4/8-PAM to The distribution of the extra achievable data rate among the different users on the network is considered in two scenarios. It would be up to the network operator to decide on the use of these schemes. The first straightforward implementation is to allocate 4/8-PAM to all ONUs that support this based on their received optical power. Assuming an equal traffic load of all the ONUs, each ONU is allocated an equal portion of the available time, i.e., a 4-PAM-or 8-PAM-capable ONU can transmit two or three times the number of bits in their time slot. This leads to the maximum increase in the aggregated data rate for the entire network.
In this scenario, the total aggregated data rate of the PON is given by
where D is the symbol rate, N is the number of ONUs, and m i is the bits per symbol for each individual ONU. Using the previously obtained penalties of 5.1 dB for 4-PAM (w/o EQ) and 4.7 and 9.0 dB for 4-and 8-PAM (w/ EQ), respectively, and cross-referencing these penalties with the statistics in Fig. 1(b) and Fig. 5 , it is seen that by using flexible OOK and 4-PAM modulation (w/o EQ), the aggregated data rate can increase up to 83%. Using flexible OOK, 4-PAM, and 8-PAM (w/ EQ) increases the aggregated data rate up to 108%.
Second, it is possible to redistribute the available data rate among the different users on a single OLT port. A distinctive feature of PONs is that multiple ONUs are connected to the same OLT port. Due to the dynamic bandwidth allocation protocol in TDM-PONs, the OLT has control over the length of time slots that are allocated to certain ONUs. Fairness among users in a flexible modulation-based PON is increased by allocating the same capacity to each ONU located at a single OLT port, and thus allocating shorter time slots to those ONUs that support 4-PAM or 8-PAM. This increased fairness does come at the cost of a smaller increase in the network throughput compared to the scenario where no redistribution of TDM time slots is applied. As OOK ONUs are allocated longer time slots, a longer portion of the time is spent transmitting at a slower data rate. In this second scenario, the total aggregated data rate of the PON can be represented as
Comparing the statistics from Fig. 5 with the power penalty induced by the use of 4/8-PAM, and taking the varying number of users per OLT port into account, the aggregated data rate as experienced by each user can be obtained. Figure 6 (a) shows a histogram of the resulting data rates for the use of flexible OOK and 4-PAM (w/o EQ). Figure 6(b) shows the resulting data rates for flexible use of OOK, 4-PAM and 8-PAM modulation (w/ EQ). Both figures depict the scenario with TDM redistribution.
In order to summarize the aggregated data rates seen by the entire network and to compare the two previously Fig. 7(b) ], 64% experience a 20 Gbps data rate (point F), and the remaining 14% experience a 10 Gbps data rate, resulting in an average data rate of 20.8 Gbps [denoted in Fig. 7(b) as the dashed blue line], or an increase of 108%. In the TDM redistributed scenario, 2% of the ONUs experience 30 Gbps (G), 45% experience 20 Gbps or higher, and 50% of the networks see an aggregated data rate of 19.5 Gbps or higher (H), and 90% sees an aggregated data rate of 14.1 Gbps or higher (point I). The resulting average data rate is 19.8 Gbps. It is emphasized that with TDM redistribution, the number of users who see an increased data rate grows, albeit with a lower increase compared to a situation in which no TDM redistribution is employed.
VIII. CONCLUSIONS
We proposed the use of flexible modulation in PONs to maximally exploit the available power budget. Allocating more comprehensive, but cost-effective, modulation formats to ONUs in better, i.e., lower-loss, locations allows us to increase the aggregated data rate of the PON. Keeping to IM-DD modulation and a constant symbol rate cancels the need to invest in expensive optics. In particular, the use of 4-PAM without mandatory equalization is considered to be a cost-effective solution to increase the flexibility and capacity of real PON deployments. Introducing 8-PAM increases the capacity even more, although this comes with the cost of equalization.
Network operators can choose to employ the available extra capacity in various ways. In this paper, we examined two options: first, allocating to those ONUs that support multilevel modulation for the same amount of time in a TDM frame as their OOK-only counterparts, and second, allocating the same capacity to all ONUs and redistributing the amount of unallocated time from multilevel supported ONUs to those that only support OOK.
In the first case, the flexible allocation of 4-PAM can increase the capacity of this network up to 83% to 18.3 Gbps. To eliminate the increased penalty due to ISI, we proposed and demonstrated the use of a data-aided equalizer without the need for training overhead in downstream power splitter-based PONs. With this equalizer, the combined use of 4/8-PAM can increase the aggregated capacity of this network up to 108% to 20.8 Gbps.
The second case redistributes the length of time slots to those ONUs that only support lower orders of modulation, therefore making sure that every ONU connected to a single OLT port gets the same increased data rate. In this scenario, the flexible allocation of 4-PAM can increase the data rate for practically every user in the network to a certain amount, and the total capacity of the network increases 76%. Using additional 8-PAM modulation with equalization, the total capacity of the network increases 98% to 19.8 Gbps.
Implementation of flexible modulation in a commercial system would require the collaboration and agreement of multiple vendors. A group of vendors would need to agree on the protocol to be used, thereby strictly adhering to backward compatibility. That is, modules with flexible modulation should still be able to operate in a system with non-supporting modules, although obviously at lower data rates. Optionally, flexible modulation could also be included in an upcoming standard.
This work focused on using 4/8-PAM to increase network capacity given the standard power budget. Given the current research interests in using modulation formats other than OOK in PONs, it is important to note that the use of flexible modulation can be extended toward a network with 4-PAM as basic modulation. Retaining OOK support, or including 8-PAM support, for a 4-PAM PON would allow more flexibility in the network design phase in which the splitting ratio, reach, and aggregated capacity can be traded off against each other in order to maximize the system's performance. Opting for a higher-performance ONU or OLT transceiver would not only increase system margins, but would increase the aggregated data rate supported by the network, as more ONUs will be able to support 4/8-PAM. That is, if an operator faces bandwidth shortage on a PON port, he has the option to replace class B+ optics with class C+ optics, providing a larger power budget, and thereby, with flexible modulation, increasing the data rate for this port. 
